Catalase plays a major role in cellular antioxidant defense by decomposing hydrogen peroxide, thereby preventing the generation of hydroxyl radical by the Fenton reaction. The degree of catalase deficiency in acatalasemic and hypocatalasemic mice varies from tissue to tissue. They therefore may not be suitable for studying the function of this enzyme in certain models of oxidant-mediated tissue injury. We sought to generate a new line of catalase null mice by the gene targeting technique. The mouse catalase (Cat or Cas1) gene was disrupted by replacing parts of intron 4 and exon 5 with a neomycin resistance cassette. Homozygous Cat knockout mice, which are completely deficient in catalase expression, develop normally and show no gross abnormalities. Slices of liver and lung and lenses from the knockout mice exhibited a retarded rate in decomposing extracellular hydrogen peroxide compared with those of wild-type mice. However, mice deficient in catalase were not more vulnerable to hyperoxia-induced lung injury; nor did their lenses show any increased susceptibility to oxidative stress generated by photochemical reaction, suggesting that the antioxidant function of catalase in these two models of oxidant injury is negligible. Further studies showed that cortical injury from physical impact caused a significant decrease in NAD-linked electron transfer activities and energy coupling capacities in brain mitochondria of Cat knockout mice but not wild-type mice. The observed decrease in efficiency of mitochondrial respiration may be a direct result of an increase in mitochondrion-associated calcium, which is secondary to the increased oxidative stress. These studies suggest that the role of catalase in antioxidant defense is dependent on the type of tissue and the model of oxidant-mediated tissue injury.
Catalase (EC 1.11.1.6; H 2 O 2 oxidoreductase) is a heme-containing homotetrameric protein (for a review, see Ref. 1). Catalase can decompose hydrogen peroxide (H 2 O 2 ) in reactions catalyzed by two different modes of enzymatic activity: the catalatic mode of activity (2H 2 O 2 3 O 2 ϩ 2H 2 O) and the peroxidatic mode of activity (H 2 O 2 ϩ AH 2 3 A ϩ 2H 2 O) (2-4).
Although several substrates such as methanol and ethanol can be oxidized by the peroxidation reaction, the physiological significance of this catalase function is not understood. Decomposition of H 2 O 2 by the catalatic activity of catalase follows the fashion of a first-order reaction, and its rate is dependent on the concentration of H 2 O 2 . In fact, catalase belongs to the group of enzymes that catalyze reactions at a rate near kinetic perfection; the reaction rate is only limited by the rate at which the enzyme collides with the substrate (5) . Catalase is ubiquitously present in all prokaryotes and eukaryotes. With the exception of erythrocytes, it is predominantly located in peroxisomes of all types of mammalian cells where H 2 O 2 is generated by various oxidases (6) . However, a certain amount of catalase has also been found in mitochondria of rat heart (7). Since H 2 O 2 serves as a substrate for Fenton reaction to generate the highly reactive hydroxyl radical, catalase is believed to play a role in cellular antioxidant defense mechanisms by limiting the accumulation of H 2 O 2 .
The role of catalase in defending cells and tissues against oxidative stress has been studied extensively. As expected, overexpression of catalase renders cells more resistant to toxicity of H 2 O 2 and oxidant-mediated injury from exposure to hyperoxia (8 -10) . In addition, transgenic mice overexpressing catalase are protected against myocardial injury following administration of adriamycin and development of hypertension from treatment with norepinephrine or angiotension (11, 12) . On the other hand, no catalase-mediated protection for the heart against adriamycin toxicity is evident in certain lines of transgenic mice in which catalase is extensively overexpressed (11) . Furthermore, mouse L cells and rat aortic smooth muscle cells overexpressing catalase display heightened oxidant sensitivity and retarded growth with increased cell death, respectively, compared with the corresponding parental cells (13, 14) . Since H 2 O 2 is known to control cell proliferation through modulation of cell signaling (15) , whether overexpression of catalase further down-regulates the physiological level of H 2 O 2 and thereby perturbs essential cellular function in these transfected cells and transgenic mouse heart remains to be investigated.
Catalase deficiency in humans was first documented by Dr. Takahara in 1946 (16) . Japanese acatalasemic patients are phenotypically normal with the exception of an increased tendency in development of progressive oral gangrene, presumably as a result of tissue damage from H 2 O 2 produced by peroxidegenerating bacteria such as streptococci and pneumococci as well as by the phagocytic cells at the sites of bacterial infection (for a review, see Ref. 17) . In addition, several independent lines of mutant mice with decreased blood catalase activity were initially discovered by Feinstein and colleagues from the progeny of x-ray-irradiated mice (18). The catalase activities in blood of acatalasemic (Cs b ) and hypocatalasemic (Cs c ) mice are 1.1-2.4 and 16 -20% of that of wild-type mice, respectively (18, 19) . Missense mutations in the catalase gene of these mice leading to amino acid substitutions (Q11H in acatalasemic mice and N439S in hypocatalasemic mice) are believed to contribute to the observed decreases in catalase activitiy (20, 21) . The tissues of acatalasemic mice apparently express normal levels of catalase mRNA compared with those of wild-type mice. However, the severity of catalase deficiency in these mice varies from tissue to tissue (22) . Further studies suggest that the Q11H substitution may destablize the tetrameric structure of catalase, thereby making it more vulnerable to proteasemediated degradation (21) (22) (23) (24) (25) . Expression of the catalase gene in tissues of hypocatalasemic mice is less well studied (18, 19) . Current results indicate that catalase N439S is more labile to heat and exhibits a decreased specificity activity compared with wild-type catalase (21, 26 -28) . The residual catalase activities in tissues of acatalasemic and hypocatalasemic mice make them less applicable as models for understanding the function of this enzyme in oxidant biology and disease.
To circumvent the limitations associated with the current models of catalase-deficient mice, we generated a line of catalase null mice using the gene targeting technique. Mice completely deficient in catalase develop normally and are apparently healthy. In addition, although tissues of catalase knockout mice show a retarded rate in consuming extracellular H 2 O 2 , the mice are not more susceptible to hyperoxia-induced lung injury and lens damage from oxidative stress generated by photochemical reaction compared with wild-type mice. However, brain mitochondria of these mice are more vulnerable to trauma-induced impairment in oxidative phosphorylation than those of wild-type mice. This new model of acatalasemic mice will be valuable for understanding the function of catalase in defending animals against oxidant-mediated tissue injury as well as in modulation of cell signaling pathways.
EXPERIMENTAL PROCEDURES
Targeted Disruption of the Mouse Catalase Gene-Custom PCR screening of a mouse 129SV genomic library constructed in bacterial artificial chromosomes was performed by Incyte Genomics (St. Louis, MO) using two sets of primers designed for amplifying exons 2 and 7 (29) . Two independent genomic clones (clones 22957 and 22958) were isolated. Further restriction mapping and Southern blot analysis suggested that these two bacterial artificial chromosome clones were identical (data not shown). Two BamHI genomic DNA fragments from the bacterial artificial chromosome clone were then subcloned into vector pKS (Stratagene, La Jolla, CA). The structures of these two genomic DNA fragments were determined by DNA sequencing and restriction mapping. The results showed that the 5.8-kb BamHI genomic DNA fragment contains exons 2-4 and the 6.9-kb BamHI genomic DNA fragment part of exons 5-8 of the mouse Cat gene (Fig. 1A) .
To construct the targeting vector, the BamHI-EcoRI fragment containing part of exon 5 and exon 6 was first cloned into vector pKS. The 5Ј end BamHI restriction site was then disrupted by ligation of the BamHI-digested plasmid that was blunt-ended with Klenow fragment. The genomic fragment was subsequently released from the resultant plasmid by digestion with restriction enzymes XbaI (which is located in the multiple cloning sites of pKS vector) and EcoRI and ligated into the corresponding restriction sites in vector pPNT (30) . The BamHI fragment containing exons 2-4 was released from the pKS vector by digestion with NotI and SalI (which are located in the multiple cloning sites of pKS vector) and cloned into the NotI and XhoI sites of pPNT containing the 3Ј arm (part of exons 5 and 6) of the catalase gene. The targeting vector was linearized by NotI digestion and transfected into R1 embryonic stem cells (31) . Two homologous recombinant clones (clones 422 and 465) of embryonic stem cells were identified from 600 clones screened by Southern blot analysis and microinjected into C57BL/6 blastocysts following the standard protocol (32) . Furthermore, germ line transmission of the targeted allele was achieved by the chimeric mice derived from either of the clones. Heterozygous knockout mice were interbred to generate homozygous knockout mice.
Preparation of Tissue Samples for Gene Expression Studies-Tissues from wild-type (Cat ϩ/ϩ ), heterozygous Cat knockout (Cat ϩ/Ϫ ), and homozygous Cat knockout (Cat Ϫ/Ϫ ) mice were homogenized in guanidinium isothiocyanate solution, and total RNA was isolated according to the method described by Chirgwin et al. (33) . Thirty micrograms of total RNA were denatured with glyoxal and subjected to blot analysis according to the procedures described by Thomas (34) . For enzyme activity assays, the mouse tissues were homogenized in 50 mM potassium phosphate buffer, pH 7.8, containing 0.1% Triton X-100, 3% glycerol, and 1 mM phenylmethylsulfonyl fluoride with a Polytron homogenizer, followed by sonication. (37, 38) . Briefly, equal amounts of tissue proteins from Cat ϩ/ϩ , Cat ϩ/Ϫ , and Cat Ϫ/Ϫ mice were initially separated on a nondenaturing polyacrylamide (7.5% for catalase and Gpx assays and 10% for SOD assay) gel. For staining of catalase or Gpx activity, the gel was initially soaked in water or 1 mM reduced glutathione, respectively, and the substrate (0.003% hydrogen peroxide for catalase or 0.008% cumene hydroperoxide for Gpx) was then added. The gel was washed and stained in a solution of 1% ferric chloride and 1% potassium ferricyanide. The regions of the gel with catalase or glutathione peroxidase activity were stained with a yellow or white color, respectively, and the other regions were stained with a dark green or blue color. For straining of SOD activity, the gel was initially incubated in 0.001% riboflavin and 0.0003% TEMED, followed by soaking in 0.2% nitro blue tetrazolium (38) . Reduction of nitro blue tetrazolium by superoxide anion radical forms a blue precipitate. Removal of superoxide anion radical by SODs results in an achromatic area on the gel. The native Mn-SOD migrates slower on the gel than does CuZn-SOD. The stained gel was documented using an EPSON EXPRESSION TM 1600 Color Image Scanner. Consumption of Extracellular H 2 O 2 by Liver and Lung Slices-The mice were deeply anesthetized by intraperitoneal injection of pentobarbital, and liver and lung were perfused free of blood through the left ventricle. The tissues were then cut into 0.75-mm slices using a McIlwain tissue chopper (Surrey, UK). The thickness of tissue has been found to exhibit the maximum rate of oxygen consumption (39 (40) . Briefly, 10 l of supernatant were removed at each time point and added into 0.2 ml of phosphate-buffered saline containing 0.076 mg/ml of horseradish peroxidase and 1.56 mM p-hydroxyphenylacetic acid in a well of a 96-well plate. The extent of fluorescence at 400 nm excited by 323 nm of light was measured using the SPECTRAmax® GEMINI Dual-Scanning Microplate Spectrofluorometer (Molecular Devices, Sunnyvale, CA). Following the measurement, 10 l of known concentration of H 2 O 2 were added into the same well, and the reading was taken again. The concentrations of H 2 O 2 in samples were calculated by comparing the intensities of sample fluorescence with those of the added H 2 O 2 . During the studies, we found that the lowest detectable concentration of H 2 O 2 was around 1 M; therefore, any data below this limit were discarded. The rates of H 2 O 2 decomposition were calculated by linear regression using the GraphPad Prism software version 3.0 (GraphPad Software, Inc., San Diego, CA). Differences in the rates of degrading H 2 O 2 (estimated from the slop of each curve in Fig. 3 Hyperoxic Exposure of Mice-The Cat ϩ/ϩ , Cat ϩ/Ϫ , and Cat Ϫ/Ϫ mice at 10 weeks of age were used in exposure to Ͼ99% oxygen in polystyrene chambers. The oxygen concentration varied less than 2%, and CO 2 concentration was maintained less than 5% by providing ϳ12 complete gas exchanges/h. During the exposure, food and water ad libitum were provided, and the mice were kept under a 12-h on, 12-h off light cycle at all times. The mice were sacrificed at 72 h of exposure by overdose of pentobarbital, and the lungs were isolated. The left lobe was gently blotted dry with a piece of paper towel, and the total weight (wet weight) was measured. The lungs were then dried at 80°C under vacuum overnight and weighed again for measuring the dry weight.
Exposure of Lens to Oxidative Stress Generated by Photochemical Reaction-The method for quantifying damage in animal lens following exposure to photochemically induced oxidative stress has been previously described (41) (42) (43) . Briefly, lenses were removed from the eyes of Cat ϩ/ϩ and Cat Ϫ/Ϫ mice immediately following sacrifice. The lenses were then incubated overnight in 1 ml of medium 199 at 37°C in 5% CO 2 . Only lenses that were completely transparent were used in the study. Each lens was placed in 300 l of medium 199 containing 1.5 M riboflavin in a well of a 96-well plate and then incubated for 10 min in 4% O 2 , 5% CO 2 , and 91% N 2 at 35-37°C in an air-tight acrylic box. The photochemical stress was initiated by turning on two 15-watt daylight lamps 8 inches above the top of the enclosure. The control lenses were incubated in the same medium but without exposure to light. Previous studies have shown that the photochemical reaction used generates mainly superoxide anion radical and H 2 O 2 and to a much lesser extent hydroxyl radical (41) . In addition, development of opacity in lenses following photochemical stress could be prevented by the addition of exogenous catalase, suggesting the pathogenic role of H 2 O 2 in this model of cataract (42) .
At the end of 5 h of exposure, the medium was replaced by 200 l of medium 199 containing 30 Ci of [ 3 H]thymidine and incubated in 5% CO 2 at 37°C for 2 h. The lenses were then washed with medium 199 and homogenized in 5% trichloroacetic acid. The trichloroacetic acidprecipitable radioactivity was counted. For measuring choline uptake, [ 3 H]thymidine in the medium was replaced with 1.5 Ci of [ 14 C]choline. Following 2 h of incubation, the lenses were washed three times with cold medium 199, carefully blotted, weighed, and then homogenized in 0.1 M NaOH. The radioactivity in the homogenate was counted.
Mouse Model of Controlled Cortical Impact Injury (CCII)-The Cat
ϩ/ϩ , Cat ϩ/Ϫ , and Cat Ϫ/Ϫ mice at 8 -10 weeks of age were used in the study. The procedures of anesthesia and craniotomy have been previously described (44 -46) . Briefly, a 6-mm diameter of skull cap over the right parietal cortex centered between bregma and lambda was removed to expose the underlying dura mate. CCII at an impact velocity of 7.6 m/s, an impact depth of 1 mm, and a dwell time of 200 ms was delivered using a pneumatic impactor as described previously. Control mice did not receive any treatment. A sham group of mice received the same craniotomy as traumatic brain injury (TBI) animals but without any mechanical injury.
Assay of Mitochondrial Respiratory and Phosphorylating
Activities-The animals were decapitated at day 1 after TBI or sham. The ipsilateral hemisphere from a single mouse was placed in ice-cold isolation medium (or SEE medium; 250 mM sucrose, 10 mM Hepes, pH 7.4, 0.5 mM EGTA, 0.5 mM EDTA, and 1.0 mg/ml bovine serum albumin), and mitochondria were isolated by repeated centrifugations and washes as described before (46) . Mitochondrial respiratory activities were assayed polarographically using a Clark-type oxygen electrode (Yellow Springs Instruments, Yellow Springs, OH) fitted into a 1.0-ml thermostated chamber at 30°C. The reaction solution consisted of 150 mM sucrose, 25 mM Tris-HCl, 10 mM phosphate buffer, pH 7.4, and 0.6 -1.5 mg of mitochondrial protein. The final concentrations of substrates in the chamber were 5.0 mM/2.5 mM for glutamate/malate (for measuring electron transfer activities through complexes I, III, and IV) or 5.0 mM for succinate in the presence of 0.25 M rotenone (for measuring electron transfer activities through complexes II, III, and IV). State 3 respiration (in the presence of substrates) was initiated by the addition of 304 nmol of ADP for substrates of glutamate and malate or 202 nmol of ADP for substrate of succinate. Mitochondrial oxygen consumption in the presence of substrates and after all added ADP is converted into ATP is defined as State 4 respiration. Respiratory control index (RCI) is defined as the ratio of respiratory rates at State 3 to those at State 4. The ADP/O ratio (P/O ratio) was determined by dividing the amount (nmol) of ADP phosphorylated during State 3 respiration by the amount (nanoatoms) of oxygen consumed (47) . Mitochondrial respiration was also measured in the presence of 0.4 mM EGTA, a calcium-chelating agent.
Statistical Analysis-Data were first analyzed by one-way analysis of variance. Difference in two samples was then assessed by NewmanKeuls multiple comparison test. Difference with a p value Ͻ0.05 was considered statistically significant. Fig. 1A , the BamHI genomic DNA fragment of the mouse Cat gene, containing parts of intron 4 and exon 5, was replaced by a neomycin resistance cassette in the gene target- , and Cat Ϫ/Ϫ mice, respectively. The 6.9-kb hybridization band is derived from the wild-type allele, and the 8.6-kb hybridization band is derived from the mutated allele.
RESULTS

Generation and Characterization of Cat Knockout Mice-As shown in
ing vector. The BamHI restriction site located in exon 5 was also purposely disrupted in the targeting vector. This allowed distinction of the targeted Cat allele from the endogenous Cat allele by DNA blot analysis of BamHI-digested genomic DNA. The heterozygous Cat (Cat ϩ/Ϫ ) knockout mice were interbred to generate homozygous knockout (Cat Ϫ/Ϫ ) mice. An example of DNA blot analysis of mouse genomic DNA is shown in Fig. 1B . The 6.9-kb hybridization band is derived from the wild-type allele, and the 8.6-kb hybridization band is derived from the mutated allele.
Inactivation of the mouse Cat gene by gene targeting was then confirmed by an expression study. As shown in Fig. 2A , a 50 -70% decrease of Cat mRNA was found in tissues of Cat ϩ/Ϫ mice in comparison with Cat ϩ/ϩ mice, and no Cat mRNA could be seen in tissues of Cat Ϫ/Ϫ mice. The data from protein studies confirmed those from RNA analysis. No catalase activity could be found in Cat Ϫ/Ϫ mice when a native polyacrylamide gel containing various tissue proteins was subjected to activity staining (Fig. 2B) . As a control, another native polyacrylamide gel loaded with the same amounts of tissue proteins was stained for Gpx activity. Since cellular glutathione peroxidase (Gpx1) is the major isoform of Gpx expressed in these tissues (48), we reason that Gpx1 contributes to the stained activity seen on the gel. As shown in Fig. 2B , no changes in Gpx1 activity could be found in tissues of mice with three different genotypes in the Cat allele. Deficiency in catalase protein expression in tissues of Cat Ϫ/Ϫ mice was further confirmed by protein blot analysis using a polyclonal anti-bovine catalase antiserum (Fig. 2C) .
Finally, specific activities of catalase in these tissues were also measured. As expected, an ϳ50% decrease of catalase activity was found in tissues of Cat ϩ/Ϫ mice, and very low levels of catalase activity were detected in all tissues of Cat Ϫ/Ϫ mice (Table I) . Since no catalase protein is present in tissues of Cat Ϫ/Ϫ mice, the extremely low activities of catalase found in these tissues may represent decomposition of H 2 O 2 by reactions carried out by other enzymatic and nonenzymatic antioxidant systems or by direct interactions between H 2 O 2 and other cellular constituents. In addition, deficiency in catalase had no effect on the tissue activities of other antioxidant enzymes including Gpx, CnZn-SOD, and Mn-SOD (data not shown).
Mice Deficient in Catalase Are Phenotypically Normal-The numbers of Cat Ϫ/Ϫ mice generated from breeding of Cat ϩ/Ϫ mice were in agreement with those predicted from the pattern of Mendelian inheritance. Male and female Cat Ϫ/Ϫ mice grew normally and were apparently healthy upon observation up to 1 year of age. These mice were also as fertile as Cat ϩ/ϩ mice. The gross morphology of internal organs of Cat Ϫ/Ϫ mice appeared normal too. However, no histological study at the microscopic level has yet been performed on these mice.
Since catalase is highly expressed in erythrocytes and may play a critical role in antioxidant defense against the reactive oxygen species (ROS) generated by autoxidation of oxyhemoglobin, a survey of hematological profile was performed. Differences were neither found in hematocrit content nor in the numbers of erythrocytes and differential leukocyte counts including lymphocytes, monocytes, neutrophils, enosinophils, and platelets of (49 -51) , leading to lung structural damage, inflammation, edema, and eventually death of animals (52) . However, the role of catalase in lung antioxidant defense against hyperoxia-induced injury is not understood. As shown in Fig. 4A , exposure to Ͼ99% oxygen caused lung edema in Cat ϩ/ϩ , Cat ϩ/Ϫ , and Cat Ϫ/Ϫ mice as evident in increased lung wet-todry ratios. However, no differences could be found in the degrees of lung edema in these three groups of mice. In addition, the extents of body weight loss, as a result of hyperoxic exposure, in these mice were also equivalent (Fig. 4B) (54, 55) . These levels of H 2 O 2 have been shown to be cataract-inducing in lens organ culture. We therefore investigated whether deficiency in catalase renders lens more susceptible to oxidant-induced damage. The catalase activities in lenses of Cat ϩ/ϩ and Cat Ϫ/Ϫ mice were initially determined. The lenses of the former mice showed an activity of 0.092 mol/min/mg compared with 0.001 mol/min/mg in those of the latter mice, indicating complete abrogation of catalase expression in lenses of the knockout mice. It is not surprising that the specific activity of catalase in lenses of Cat ϩ/ϩ mice is quite low compared with other tissues (Table I) , since catalase is mainly present in lens epithelium and newly formed fiber cells, which constitute only a small fraction of the total lens mass. Table III shows that the photochemical reaction used resulted in generation of H 2 O 2 in the culture medium, and incubation of mouse lenses in the medium attenuated accumulation of H 2 O 2 . In addition, lenses from Cat Ϫ/Ϫ mice degraded H 2 O 2 more slowly than did lenses of Cat ϩ/ϩ mice, resulting in a higher concentration of H 2 O 2 in the medium. In this experiment, the rate of choline transport and the extent of thymidine incorporation were also measured to monitor membrane-associated activity and the activity of de novo DNA synthesis, respectively. Exposure to photochemical stress drastically decreased the levels of choline uptake and DNA synthesis in mouse lenses compared with control lenses without exposure to oxidative stress (Table IV) . However, no differences in the levels were found between lens samples of Cat ϩ/ϩ and Cat
mice. Furthermore, the control lenses of both types of mice appeared completely transparent. Following photochemical stress, a comparable change in transparency was observed, namely slight clouding in the equatorial regions (data not shown). These results suggest that the role of catalase in protecting lens from the oxidative stress used in our study is limited.
Mice Deficient in Catalase Are Susceptible to Trauma-induced Dysfunction in Brain
Mitochondria-Overproduction of ROS has been shown to play a role in causing brain injury following physical trauma (for a review, see Ref. 56) . To understand the function of catalase in TBI, we measured the efficiency of mitochondrial respiration in mouse brains at 1 day postinjury using the NAD-linked substrates glutamate and malate. As shown in Fig. 5A , CCII caused a drastic decrease in RCI and P/O ratio of brain mitochondria from Cat ϩ/Ϫ and Cat Ϫ/Ϫ mice but not Cat ϩ/ϩ mice. The brain mitochondria of Cat ϩ/Ϫ and Cat Ϫ/Ϫ mice exhibited a similar sensitivity to CCIIinduced impairment of mitochondrial bioenergetic activities. The RCI of brain mitochondria from these mice decreased to ϳ52-56% of control and sham groups of mice with the same genotypes. The decreases in RCI in these samples were mainly a result of decreases in State 3 respiratory rates (data not shown), indicating a slower rate of ATP synthesis in injured brains of Cat ϩ/Ϫ and Cat Ϫ/Ϫ mice. The rates of State 4 respiration in these samples remained unchanged (data not shown). In addition, the P/O ratios of brain mitochondria from Cat ϩ/Ϫ and Cat Ϫ/Ϫ mice decreased to 56 to 68% of control and sham groups of the corresponding mice, suggesting that electron transport and oxidative phosphrylation in these mitochondrial samples are partially uncoupled.
The rates of mitochondrial respiration in all above samples were also measured using succinate as substrate. No significant changes were found in RCI and P/O ratio of brain mitochondria from TBI groups of Cat ϩ/ϩ , Cat ϩ/Ϫ , and Cat Ϫ/Ϫ mice compared with those of control and sham groups of the corresponding mice (data not shown), suggesting that the function FAD-linked electron transport chain is not affected by the model of TBI used in the studies.
Previous studies have shown that the efficiency of respira- tion in brain mitochondria of rats following TBI can be restored to a near-normal level by the addition of EGTA, a calciumchelating agent, into the assay solution (46) . Therefore, mitochondrial respiration in all samples was also measured in the presence of 0.4 mM EGTA. As shown in Fig. 5B , the addition of EGTA had no effect on the respiratory function of brain mitochondria from control and sham groups of mice with three different genotypes in the Cat allele. However, it restored both RCI and P/O ratio of brain mitochondria from TBI groups of Cat ϩ/Ϫ and Cat Ϫ/Ϫ mice to the levels of control and sham groups of the corresponding mice. Restoration of RCI in these mitochondrial samples was mainly a result of increases in the rates of State 3 respiration, whereas the rates of State 4 respiration remained unchanged (data not shown).
DISCUSSION
Although catalase is among the first isolated and characterized enzymes (1), its role in vivo under normal physiological conditions and in the pathogenesis of oxidant-mediated diseases remains poorly understood. We sought to address this concern by generating a line of knockout mice in which expression of the Cat gene is nullified. These mice are phenotypically normal and, unlike human patients, have no clinical manifestations of acatalasemia (for a review, see Ref. 17) . However, mice deficient in catalase show differential sensitivity to models of oxidant-mediated tissue injury; whereas their lungs and lenses are equally oxidant-tolerant as those of wild-type mice, their brain mitochondria are more susceptible to trauma-induced impairment in oxidative phosphorylation. As indicated above, the catalatic reaction carried out by catalase follows first-order kinetics, and its rate is near the diffusion limit, which implies that every collision between H 2 O 2 and catalase is productive. This understanding suggests that removal of H 2 O 2 by catalase is extremely efficient at relatively high concentrations of H 2 O 2 , and the rate is proportional to the levels of H 2 O 2 and catalase in the cells. However, in this reaction, the ferriprotoporphyrin (heme) group of catalase initially reacts with a single molecule of H 2 O 2 to form compound I, which then reacts with a second H 2 O 2 to yield water and molecular oxygen (1) . Therefore, complete disposal of H 2 O 2 requires the interaction of two molecules of H 2 O 2 with a single heme group in the active site of catalase. The chance for this reaction to occur is greatly limited at very low concentrations of H 2 O 2 in the cells (1) . In the absence of a second reactive H 2 O 2 , compound I can oxidize alcohols such as methanol and ethanol by the peroxidation reaction, suggesting that the peroxidative activity of catalase may prevail at relatively low concentrations of H 2 O 2 (3, 4) . However, this reaction may also be limited by the cellular concentrations of alcohols. Thus, it is generally believed that Gpx, which exhibits a low K m for H 2 O 2 (8.8 -22.6 M at 2 mM of GSH (57) (Fig. 3A) . It seems that in tissues expressing low levels of catalase, such as the lungs, the low concentrations of H 2 O 2 limit its availability to the enzyme. Thus, H 2 O 2 is predominantly degraded by other enzymatic (such as Gpx and peroxiredoxins) and nonenzymatic (such as GSH) antioxidant systems, and the residual catalase activity in Cat ϩ/Ϫ mice does not significantly contribute to the detoxification process. Consequently, these tissues of Cat ϩ/Ϫ mice would be as sensitive as the corresponding tissues of Cat Ϫ/Ϫ mice in response to H 2 O 2 -mediated injury, a hypothesis supported by our studies on TBI. Since brain exhibits the least catalase activity in all tissues studied (Table I) , the CCII used causes a nearly identical degree of impairment in oxidative phosphorylation in brain mitochondria of Cat ϩ/Ϫ and Cat Ϫ/Ϫ mice (Fig. 5A ). On the other hand, in tissues with a relatively high specific activity of catalase, such as liver, a 50% level of enzyme activity in Cat (Table II) . In this case, H 2 O 2 may be degraded predominately by Gpx and peroxiredoxins using the reducing equivalents of GSH and thioredoxin, respectively (62) . Since recycling of oxidized GSH and thioredoxin consumes NADPH, the cellular levels of NADPH and its synthesis may represent the rate-limiting factors for H 2 O 2 consumption by catalase-deficient tissues.
Red blood cells are believed to be constantly under oxidative stress due to high oxygen tension and generation of ROS by autoxidation of oxyhemoglobin. Hence, the enzymes CuZn-SOD, catalase, and Gpx1, which are highly expressed in these cells, are considered to be protective. However, mice deficient in either catalase or Gpx1 show a normal hematological profile (48) , suggesting that the role of these two enzymes in limiting ROS-induced damage in erythrocytes under normal physiological conditions is negligible. Interestingly, recent results show that mice deficient in peroxiredoxin I or II (Prdx1 or Prdx2, respectively) develop hemolytic anemia in association with extensive protein oxidation in erythrocytes (63, 64) . Whether Prdx1 and Prdx2 serve as the primary enzymes for removing H 2 O 2 or function to protect specific target proteins through protein-protein interactions in erythrocytes remains to be investigated.
Our studies show that both Cat ϩ/Ϫ and Cat Ϫ/Ϫ mice are more vulnerable to trauma-induced dysfunction in brain mitochondria than Cat ϩ/ϩ mice, suggesting the role of catalase in preserving mitochondrial function in injured brain and H 2 O 2 as the injurious species of ROS in this model of oxidant injury. As indicated above, the FAD-linked electron bioenergetic activities in brain mitochondria of Cat ϩ/Ϫ and Cat Ϫ/Ϫ mice are not affected by traumatic injury, indicating that the functions of complexes II-IV in the electron transport chain are not altered. Therefore, the observed decline in NAD-linked bioenergetic activities in brain mitochondria of these mice should result from impairment of complex I activity. However, since dysfunction of mitochondrial respiration in these samples can be reversed by the addition of EGTA into the assay solution (Fig.  5B) , it is believed that calcium overloading, rather than oxidation of complex I, inactivates complex I activity (since the latter mechanism is irreversible by the addition of EGTA). In addition, because all free calcium is removed by repeated centrifugations and washes during isolation of brain mitochondria, the overloaded calcium is believed to be associated with mitochondrial membranes and accessible to EGTA in the solution. Currently, it is not understood how an increase in membranebound calcium impairs mitochondrial respiration. It is possible that transportation of the excess calcium across the mitochondrial inner membrane consumes energy from the electrochem- ical proton gradient and/or ATP hydrolysis, leading to a decreased efficiency in oxidative phosphorylation. Alternatively, the overloaded calcium may cause an opening of the mitochondrial permeability transition pore, resulting in uncoupling of the electron transport chain. Nonetheless, treatment of animals with antioxidants attenuates the increased content of mitochondrion-associated calcium and mitochondrial dysfunction (65, 66) , suggesting that calcium overloading in traumainjured brain is secondary to the increased oxidative stress.
In summary, in this study we report the generation of a new line of acatalasemic mice by the gene targeting technique. This model of mice allows us to assess the role of catalase in disposing extracellular H 2 O 2 by tissue slices and in models of oxidant tissue injury. Interestingly, catalase-deficient tissues also exhibit a reasonable H 2 O 2 removal capacity, presumably from other cellular enzymatic and nonenzymatic antioxidant systems. Since catalase competes with these cellular H 2 O 2 -removing systems in disposal of H 2 O 2 , its function in antioxidant defense may vary from tissue to tissue and depend on the levels of its expression and the cellular concentrations of H 2 O 2 . This notion is supported by our observations on the differential sensitivity of catalase null mice to models of oxidant tissue injury. This model of knockout mice should provide a useful tool for understanding the role of H 2 O 2 in cellular signaling pathways as well as the function of catalase in defending cells and tissues against diseases whose pathogenesis is associated with oxidative stress, such as neurodegenerative diseases, ischemia/reperfusion tissue injury, cancer, and aging.
